For obvious practical reasons, tree phenological data obtained in warming and photoperiod experiments are generally conducted on juvenile trees (saplings and seedlings) or on watered or rooted cuttings collected from adult trees. As juvenile trees differ from adult trees in their phenological response to environmental conditions, they represent inappropriate plant material to experimentally assess the phenological responses of forests to seasonality. Cuttings are physiologically closer to adult trees, but cutting itself and the disruption of hormonal signals may create artefacts. This study aimed to investigate the potential deviation between phenological responses of cuttings vs donor trees. We hypothesized that, once dormant, buds exhibit similar phenological responses to mature trees. We compared bud development of seedlings, saplings and mature trees of three deciduous tree species with bud development of cuttings that were excised from both saplings and adults and positioned in situ in the vicinity of adult trees within a mature mixed forest in the foothills of the Swiss Jura Mountains. No species, this study clearly demonstrates that cuttings are better surrogates than juvenile trees to assess potential phenological responses of temperate forests to climate change in warming and photoperiod experiments.
Introduction
Numerous long time-series of phenological observations are now available worldwide in temperate climates and show that rising temperature (e.g., in North America: Beaubien and Freeland 2000; in Europe: Menzel 2000 ; in East Asia: Ibanez et al. 2010) . Earlier leaf-out of trees has a considerable impact on ecosystem processes, because it directly affects the water Richardson et al. 2010) , biotic interactions through, for instance, the synchrony coming decades, so in other words at a shorter photoperiod. In requirement for dormancy release, that is, they require a minimum duration of cold hours before warm temperature (or thermal time) can lead to bud burst (Murray et al. 1989) . In milder -ing decades under continued climate warming, especially for populations growing in the warmest parts of the species range (Morin et al. 2009 , Vitasse et al. 2011 ) and in tree species having a high chilling requirement such as Fagus sylvatica L. (Vitasse and Basler 2013) . Thus, phenological responses of trees to temperature increase might be mitigated in the future (Körner and Basler 2010 rently debating whether spring phenology will continue to advance in the forthcoming decades with the continued rise in temperatures ).
To overcome this major issue, numerous warming and photoperiod experiments have recently been conducted on temperate trees using either seedlings, saplings or cuttings.
temperature does indeed advance bud burst in a non-linear way (e.g., Ghelardini et al. 2010 , Fu et al. 2012 , the magnitude of the phenological response to temperature contrasts with the one deduced from long series of phenological observations (Wolkovich et al. 2012) . Similarly, in photoperiod manipulation experiments using watered cuttings, short photoperiods have been found to delay the timing of bud burst in some tree species (Heide 1993, Basler and Körner 2012) , especially under lower chilling conditions (Caffarra and Donnelly 2011, Laube et al. 2014) . For obvious practical reasons, phenological data obtained in warming and photoperiod experiments are generally conducted on juvenile 'trees' or on watered/rooted cuttings from adult trees. Hence, a crucial issue arises: are these appropriate proxies to assess the phenological responses of adult trees to environmental cues?
Understory trees of temperate forests generally begin their Seiwa 1999a, Richardson and O' Keefe 2009) , allowing them to ben Augspurger 2008) . This phenological discrepancy between canopy trees and understory trees has recently been assigned to ontogenic rather than micro-environmental effects (Vitasse 2013) . Therefore, phenological data obtained from juvenile trees appear inappropriate to infer phenological responses of forests to climate change. Here we asked whether cuttings from adult trees would be a better substitute than juvenile trees in warming and photoperiod experiments to unravel the mechanisms of phenology in temperate forest trees. Dormancy in temperate trees involves an interrelated series of physiological processes regulated by internal and external factors (Lang 1994 , Horvath et al. 2003 . According to Lang (1994) , bud dormancy can be categorized into three types in temperate climate. Buds are in paradormancy when growth inhibition is induced by distant organs (during autumn), in endodormancy when growth inhibition is induced by internal bud signals (late autumn and early winter) and in ecodormancy when growth inhibition is induced by unfavourable external conditions (early and late spring). However, the different dormancy phases are not strictly separated in time and are known to interact with each other (Cooke et al. 2012) . Cuttings are disconnected from whole-tree growth-promoting/inhibiting signals that can potentially affect bud burst such as sugars or phytohormones. Among the phytohormones, abscisic acid, gibberellic acid (GA) and cytokinins are known to interact with bud burst, with the former maintaining and the other two releasing bud endodormancy (Wareing and Saunders 1971 , Arora et al. 2003 , Chao et al. 2007 , Cooke et al. 2012 . However, in contrast to paradormancy and endodormancy induction in autumn, the maintenance and the release of endodormancy in winter might reside solely within the buds, -tions of low and moderate temperatures or photoperiod (Lang 1994) . Indeed, after the initiation of endodormancy, meristem cells of apical buds are likely to be insulated from growthpromoting signals, such as GA (Lang 1994 , Rinne et al. 2001 , Rohde and Bhalerao 2007 . One study demonstrated that meristem cells in dormant buds of Betula pubescens Ehrh. would recover their connection between each other, or with adjacent tissue, via plasmodesmal channels that are progressively -tures (Rinne et al. 2001 genes in temperate fruit trees that are suppressed by exposure to chilling conditions, acting therefore as quantitative repressors of bud development in spring (Jiménez et al. 2010 , Barros et al. 2012 , Saito et al. 2013 . Although the role of phytohorendodormancy induction, the molecular mechanisms controlling endodormancy release and the ecodormancy phase after (Horvath et al. 2003 , Cooke et al. 2012 ). Here we hypothesized that cuttings harvested after endodormancy induction would constitute a better proxy than juvenile trees to infer the phenological response of forests to climate change.
Materials and methods

Study site and study species
The experiment was conducted in a mature mixed forest stand (~110 years old) near the village of Hofstetten (47°28′N, 7°30′E, 570-580 m above sea level) in the surroundings of the Swiss Canopy Crane (Körner et al. 2005) , located 12 km south-west of Basel, Switzerland. Soils are of the rendzina type on calcareous bedrock. The dominant tree species are F. sylvatica L. and Picea abies L., while Acer campestre L., Acer pseudoplatanus L., Carpinus betulus L., Fraxinus excelsior L., Prunus avium L. and Tilia platyphyllos Scop. occur as companion species. The site is situated on a north-facing slope with no access to the ground water table and has essentially rocky subsoil at 40-90 cm below the surface. The mean annual air temperature recorded on a long term series at the nearest climate station was 10.3 °C and the mean annual precipitation was 810 mm recorded at Binningen, 316 m a.s.l. ~10 km away from the study site). Using the same temperature dataset, the mean air temperature over the ~6-month growing season from April to October was 15.6 °C, with a mean temperature for the warmest month (July) of 19.3 °C. The winters are mild with the mean temperature of the coldest month (January) being around 1.5 °C. At the study site there are usually only a few weeks of slight snow cover during mid-winter.
We selected three tree species having contrasting spring C. betulus F. sylvatica; and a A. pseudoplatanus, based on the phenological data recorded on adults in the previous year (Vitasse 2013) . For clarity and brevity, hereafter we will refer to each species by its genus.
Experimental design
In November 2012, we selected and tagged 10 mature trees for each species, having a low branch (approximately between 6 and 9 m height), so that cuttings could be collected from the ground by using a pole pruner and so that observations of bud development within the same branch would be accurate from the ground. In the vicinity of each selected mature tree, one sapling (~2.9-3.5 m height; Table 1 ) and three seedlings (~0.24-0.54 m height; Table 1) were also marked and assigned to the corresponding adult tree. The average distance between adult trees and the assigned seedlings and saplings was from 3 to 15 m depending on the species (see details in Table 1 ). The experiment was set up on 1 March 2013, immediately after a substantial cold period. Three twigs (~30 cm in length) were sampled from each selected adult tree (at ~6-9 m in height) with chlorine-free tap water. The bottles were then placed into plastic boxes (30 × 20 × 22 cm; with drainage holes) beneath the canopy of the corresponding mature tree (<5 m distant, Table 1 ). Thus, a plastic box comprising six cuttings (three cuttings from the adult tree and three cuttings from the corresponding sapling) was positioned at each selected adult tree ( Figure 1 ). The boxes were buried into the soil and a 2-cm-thick foam plastic sheet was used to cover the top of each box to prevent the water from freezing. Every 2 weeks, the water in all bottles was replaced with local (untreated) tap water and, at the same time, the base of cuttings was recut (by ~1-2 cm) to prevent vessel occlusion.
Temperature data
The air temperature was recorded at 30-min intervals using data loggers (TidBit v2 UTBI-001, Onset computer corporation, Bourne, MA, USA) at 0.5 m above the ground in the understorey (approximate seedling height, denoted hereafter Are cuttings a good proxy to explore temperate forest phenology? 3 Table 1 . Height ± SE of the selected adults, saplings and seedlings and distance ± SE from an adult of each experimental group. C. betulus 19.7 ± 1.8 0.54 ± 0.04 6.9 ± 0.6 2.9 ± 0.6 5.8 ± 1.3 2.4 ± 0.4 A. pseudoplatanus 23.2 ± 1.2 0.25 ± 0.02 9.9 ± 0.9 3.3 ± 0.5 14.9 ± 2.4 4.1 ± 1.2 F. sylvatica 31.1 ± 0.4 0.24 ± 0.01 3.4 ± 0.4 3.5 ± 0.5 4.6 ± 0.7 2.1 ± 0.1 Figure 1 . The experimental design used for one experimental plot to compare the phenology of seedlings, saplings, adults and cuttings from saplings and adults. This study design was replicated 10 times for each of the three species. T a 9 , T a 2 and T a 0.5 correspond to the air temperatures recorded at 9, 2 and 0.5 m during the experiment; T s corresponds to the soil temperature recorded at a depth of 10 cm; T w and T b correspond to water temperature recorded inside a glass bottle used for cuttings and the temperature recorded at the bottom of the box outside the bottles.
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as T a 0.5 ), at 2 m above the ground (approximate sapling height, denoted as T a 2 ) and at 9 m above the ground (approximately -tored, denoted as T a 9 ; see Figure 1 ). All loggers were positioned under a white double-layered, aerated plastic shelter to prevent any exposure to rain or to direct sunlight. Additional loggers recorded temperatures inside the experimental boxes: two loggers were placed into water inside bottles containing cuttings (denoted as T w ) and another two were placed at the bottom of the box (denoted as T b ). Soil temperature was also recorded at a depth of 10 cm (denoted as T s ; see Figure 1 ). Two loggers were used for each height position and the average of the two was used in all further results, except for T 9 , because only one logger was found after the experiment.
To compare cumulative degree hours among the different height positions, we accumulated the temperature difference for every hour above a 5 °C threshold, starting on 1 March 2013 (when cuttings were sampled and placed into the experi-2013). After the study period, all loggers were immersed 2 h in an ice-water bath for 0 °C calibration and cross-checking the sensors for identical readings. Deviations never exceeded 0.17 K among the different loggers, meeting the manufactur-
Phenological observations
For each experimental group (i.e., seedlings, saplings, adult trees, cuttings from saplings and cuttings from adult trees), bud development was monitored twice a week from 1 March used a four-stage categorical scale according to Vitasse (2013) . Stage 0 (dormant bud) is characterized by the absence of any visible bud development; at stage 1 (bud swelling), buds were swollen and/or elongating; at stage 2 (bud burst), bud scales were open and leaves were partially visible; at stage 3 (leaf-out), leaves had fully emerged from the buds but were still folded, crinkled or pendant, depending on species; and at stage 4 (leaf unfolded), at least one leaf was fully unfolded. For seedlings and cuttings, we considered the apical bud only. For saplings, phenology was monitored on the apical bud of each of the three previously tagged branches. For adult trees, phenology was monitored using binoculars (Canon 10 × 30 Image Stabilization Binoculars) on the lowest branch of the canopy that was used to harvest cuttings (approximately between 6 and 9 m in height) and the phenological score was assigned as an average score assessed over three terminal buds of this selected branch.
The bud burst and leaf-out dates were reached for each selected individual, branch or cutting when the apical bud reached stages 2 and 3, respectively, which was estimated by linear interpolation when necessary (i.e., when this stage occurred in between two monitoring dates).
Data analysis
While cuttings are obviously dependent on the donor trees, natural seedlings, saplings and adult trees could have been considered as independent and treated using a one-way analysis of variance followed by Tukey's HSD tests. However, since natural seedlings and saplings have been selected as close as possible to each of the 10 adult trees, we decided to consider them dependent on each other in terms of microclimate (same temperature). In other words, one replicate consists of one adult tree, one sapling, three seedlings and three cuttings excised from both the adult tree and the sapling. In consequence, we conducted multiple paired t-tests within each species to com--mental groups. The difference between pairs was tested for assumptions of normal distribution for each of the 120 paired t-tests performed using Shapiro-Wilk normality tests. It was found to follow a normal distribution for >80% of the tests. However, after a visual examination of residuals (Q-Q plot) we assumed that the other 20% did not excessively deviate from a normal distribution. All P-values were adjusted using Bonferroni corrections, and details of the degree of freedom and t-statistic values are provided in Supplementary Data (see Table S1 and S2 available as Supplementary Data at Tree Physiology Online).
burst and leaf-out stages (stages 2 and 3) only because stage adult trees and the mobile carbon pool might be limited in cuttings for further development, once the leaves are out (stage 3). Some cuttings did not reach phenological stage 3 (Acer: one replicate of adult cuttings, Carpinus: three replicates of adult cuttings), probably because the conductive vessels became plugged and/or reserves were exhausted. These data were dismissed from analyses regarding stage 3. To avoid confusion between temperatures (°C) and temperature differences, we join other authors in adopting K (for Kelvin) for all differences in temperature.
All analyses were performed using R 2.12.2 (R Development Core Team 2011).
Results
Temperature data
Early spring 2013 was particularly cool until mid-April. During this period, daily mean temperatures were mostly <5 °C (Figure 2) . A gradual increase in temperature was found from the ground to a height of 9 m above ground (approximately the height where the lowest buds of adults have been monitored). The mean T a 9 during the experiment was 0.1 and 0.3 K warmer than those recorded at sapling (T a 2 ) and seedling height (T a 0.5 ), respectively. On 1 May 2013, i.e., 2 months after the beginning of the experiment, the cumulative degree hours above 5 °C reached 3774 °C h at a height of 9 m, whereas it reached 3485 and 3377 °C h at sapling and seedling height, respectively (Figure 2) . The boxes used to place the cuttings were well isolated from the air temperature as there was negligible difference between the temperature recorded inside the boxes (into water in the bottles and outside of water) and soil temperature at a depth of 10 cm (Figure 2 ). According to the temperature recorded in our experimental boxes, no freezing of water occurred within the buried boxes.
Phenological differences among species
The three study species exhibited different timings of bud development, nevertheless to a lower extent than expected (and known from normal spring weather) due to the prolonged cool weather in early spring (Figure 2 ). Such cold weather preadult trees, Carpinus Acer the latest, though, beyond phenological stage 2 (bud burst), the discrepancy of bud development among species was considerably reduced (Figure 3) . The average bud-burst date (stage 2) of adult trees occurred on the day of year 104.0 ± 0.7 for Carpinus, 110.4 ± 0.8 for Fagus and 113.0 ± 0.8 for Acer. Interestingly the ranking across species was not conserved at the seedling stage: bud-burst date of Acer seedlings occurred 5 days earlier than in Fagus (Figure 3 ).
Phenological differences among seedlings, saplings and adults under natural conditions
A clear phenological discrepancy was found between young and adult trees for Carpinus and Acer (Figure 3 , Table 2 ). For Carpinus, bud burst of saplings and seedlings occurred 9.6 and 13.8 days earlier (paired t-test, P < 0.05 and P < 0.001, respectively) than in adult trees (Table 2 ). For Acer, bud burst of seedlings occurred 7.8 days earlier (P < 0.0001) than adult trees, whereas saplings tended to exhibit earlier bud burst and -cant (P < 0.10, Table 2 ). For Fagus, both saplings and seedlings exhibited slightly earlier phenology than adults, but this 2). When the microclimate due to the difference in height between seedlings, saplings and adults was taken into account (mean temperature increase with height above ground; Figure 2 ), the phenological discrepancy among the three lifestage categories became enhanced (Figure 4) . Thus, in all Are cuttings a good proxy to explore temperate forest phenology? 5 Table 3 ). In addition, a clear phenological discrepancy was detected among the three life-stage categories for Acer, with seedlings requiring 689 and 1312 °C h less than saplings and adult trees, respectively, to bud burst (P < 0.05; Table 3 ). No difference of heat requirement for bud burst was detected between seedlings and saplings for the other two species.
Phenological differences between cuttings and donor trees
Overall, bud burst of cuttings tightly paralleled bud burst of donor trees (Figure 3) . However, the phenological discrepancy between cuttings and donor trees was always positive, indicating a slight phenological delay of cuttings. This slightly the adult category only for Acer at stage 2 (1.1 days delay; Table 2 ).
Interestingly, when comparing the thermal time to bud burst was found for any species, phenological stage or life stage (Table 3 , Figure 4 ). This is because the air temperature at sapling height and at the height where adult branches were monitored was slightly warmer than the air temperature recorded at seedling height, i.e., at the height where also our cuttings were positioned in the plastic boxes (Figures 1 and 2 ). In contrast, degree hours to bud burst than adult trees (from −525 to −757 °C h, for Fagus and Carpinus, respectively; Table 3, Figure 4 ). ns P > 0.05, *P ≤ 0.05, **P < 0.01, ***P < 0.001. P-values were adjusted using Bonferroni corrections. Values in bold correspond to the comparison of bud development between cuttings and donor trees. 
Vitasse and Basler
Discussion
Unravelling the mechanisms that drive tree phenology in response to environmental cues in experiments is challenging due to the size of adult individuals, constraining researchers to use either young trees or cuttings as substitutes. The present Seiwa 1999a , 1999b , Richardson and O' Keefe 2009 , Vitasse 2013 . Therefore, phenological data obtained from juvenile trees (seedlings and saplings) should not be considered as surrogates for phenological responses of adult trees (Vitasse 2013) .
conditions was found to mirror the phenology of donor trees both in saplings (earlier) and adult trees (later), and would therefore constitute a better surrogate for adult trees than -tance hormonal signals, which differs from that in cuttings for these three species (branch autonomy).
Buds may respond autonomously to environmental cues
The physiological mechanism of dormancy release remains poorly understood. Once endodormancy is released, the remaining cascade of responses appears to be intrinsic to the bud itself (e.g., the gradual reconstitution of symplasmic channels among apical meristem cells in response to chilling temperatures; Rinne et al. 2001) . Nevertheless, local transport of hormones from tissues located close to, but outside the buds is not excluded in cuttings, though cuttings lack internal sap pressure. The role of hormones in dormancy release is still controversial (reviewed in Rohde and Bhalerao 2007 and references therein; see also Cooke et al. 2012 ). An increase in GA was generally reported prior to and during bud burst in forest trees, and even in cuttings. However, the origin of GA is unclear and could be located in buds or in adjacent tissues with a local transfer to bud cells rather than from distant tissues (Hewett and Wareing 1973) . Similarly the concentration of cytokinins increases during dormancy release and prior to bud burst (e.g., in Scots pine according to Qamaruddin et al. 1990 ). For Salix babylonica L., Staden (1979) suggested that buds themselves do not have the ability to synthesize cytokines but they can hydrolyse storage forms with the resumption of extension growth.
Although the timing of bud burst in rooted cuttings or cuttings bearing several buds has been shown to be parallel to that on mature trees in fruit tree species (Arias and Crabbé 1975, Couvillon et al. 1975) , to our knowledge, it has never been shown in forest tree species.
Importance of recording temperature at a micro-scale
Here, we attributed the slightly later phenology of cuttings compared with donor trees to micro-environmental gradients, given that the temperature recorded at the monitored branch level of adult trees was slightly warmer than the one measured at seedling height (the mean difference during the experiment -ancy was found between cuttings and donor trees when comparing the thermal time to bud burst. The daily course of the mean temperature averaged over the period of the experiment showed that the daily maximal temperature is reached later at a height of 9 m (and probably even later in the canopy) than in Are cuttings a good proxy to explore temperate forest phenology? 7 Table 3 . Mean phenological differences expressed in degree hours (°C h) among each experimental group at phenological stages 2 (bud burst) and 3 (leaf-out) tested by a paired t-test.
Adult
Adult the understorey, which seems to affect the cooling during late evening and night in a way that the air temperature at a height of 9 m remains slightly warmer than in the understorey ( Figure  S1 available as Supplementary Data at Tree Physiology Online). This pattern is likely the result of the site topography (northfacing slope) and its effect on the incoming radiation. In contrast, the phenological discrepancy between juvenile and adult trees is clearly the result of ontogenic effects rather than -lier than adult trees in all three species, in spite of the cooler temperature recorded at seedling height.
Comparison among species
Overall, the phenological discrepancy observed between seedlings and adults was much smaller during spring 2013 than the one recorded on the same site and species in the previous year (Vitasse 2013 ). This could be explained by the exceptionally cool early spring that occurred during the present experiment. Indeed, if considering that juvenile trees exhibit a shallower level of endodormancy than adult trees (Vitasse 2013) , and so are 'programmed' for earlier leaf-out than canopy trees, but cannot proceed because of cold weather, the seedling-adult phenology gap is reduced. Thus, under warm early spring conditions, such as occurred in 2012 (Vitasse 2013) , the gap widens, while it gets narrower under cooler early spring conditions, as occurred in the present study.
Interestingly, the ranking across species was not conserved between adult and seedling stages: bud burst of seedlings occurred 5 days earlier in Acer compared with Fagus, whereas in adult trees, bud burst of Acer occurred 3 days later than for Fagus. The same change in the sequence of species phenology between seedling and adult stages was reported in the previous year at the same site (Vitasse 2013) . We attributed this sequence change between young and mature trees to different environmental requirement for a full dormancy release in juvenile trees, such as a lower chilling requirement, which is especially distinct in Acer. In agreement with this hypothesis, rooted cuttings from adult trees were shown to exhibit greater chilling requirement than juvenile plant material in Acer saccharinum L. (Ashby et al. 1991) , strengthening the evidence that cuttings excised from adults are better at mirroring adult trees than seedlings. A shallower endodormancy in young trees enables them to start their development before canopy closure and therefore to enhance their growth and competitive abilities, which is crucial under dense understory conditions (Gill et al. 1998 , Augspurger 2008 . In contrast, adult trees reaching the canopy adopt a safer strategy in relation to late spring freezing events by exhibiting a deeper endodormancy (higher requirement of chilling and longer photoperiod for a full dormancy release), allowing them to reduce the likelihood of freezing damage, particularly in reproductive the different environmental requirements may lead to changes in the phenological sequence among species between young and adult trees under different spring conditions. Accordingly, the sequence of bud burst timing on watered cuttings among 36 chilling conditions (Laube et al. 2014) .
Methodological considerations
The use of watered cuttings to assess spring phenological responses has some shortcomings: only part of the whole bud dormancy cycle can be manipulated, as watered cuttings have a restricted lifetime, and are thus most appropriate to investigate dormancy release and bud burst. Here, we sampled the cuttings on 1 March 2013, assuming that the chilling requirements have been met before, and the buds were therefore in the ecodorresponse patterns observed here. Ring-porous species such as Quercus and Fraxinus may give rise to conduit failure when used as cuttings, which is less likely to occur in diffuse-porous species as examined here. Rooted cuttings excised from adult trees may overcome the issue of short experimental period, and it needs to be explored whether such rooted cuttings retain adult stage developmental physiology. The use of either single node results. Here we used cuttings bearing several buds instead of single node cuttings in order to maintain correlative inhibition Ghelardini et al. 2010 ), but only apical buds were monitored here to minimize bias among the different experimental groups of test plants.
Conclusion
Our study reveals that bud burst of watered cuttings respond to environmental cues similarly to adult trees in the three studied species and, thus, can be used as a substitute for mature trees in warming and photoperiod experiments. In contrast, our study highlights that neither cuttings extracted from saplings nor intact saplings or seedlings in natural conditions constitute a good surrogate for adult phenology, since they all exhibited earlier phenology than canopy trees. Hence, due to strong ontogenetic effects acting on phenology, experiments conducted on young trees are not appropriate to infer phenological responses of forests to climate warming, and cuttings excised from adults should be preferred instead, but this treatment may affect species differently depending on their xylem structure. Finally, actual spring weather may narrow or widen the phenology gap between juvenile and adult trees.
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